We report on the polarized neutron reflectometry investigation of monolayer of magnetic iron oxide nanoparticles assembled by the Langmuir-Schaefer method. After deposition onto a solid substrate the polarized neutron reflectometry measurements in the external magnetic field were carried out. Thickness, density, roughness and in-depth resolved magnetization profile of the resulted layer were obtained from accurate fitting routine.
Introduction
Arrays of ordered magnetic nanoparticles (MNPs) are promising candidates for a number of applications in the various fields including fundamental research [1] , catalysis [2] [3] [4] , sensors [5, 6] , nanoelectronics and high-density data storage [7] [8] [9] [10] [11] [12] . One of the straightforward ways to obtain ordered monolayer of MNPs is self-assembly of nanoparticles on a liquid subphase using Langmuir technique. In this routine, self-organization process occurs during isothermal compression of the Langmuir layer. However, interactions between MNPs has a non-trivial dependence on the particles size and shape, what results in different types of spacial ordering.
Scanning electron microscopy is widely used to characterize a final structure of MNP monolayers after a deposition on solid substrates [7, 13] . To characterize structure of Langmuir monolayers both in-situ, i.e. on a liquid subphase, and ex-situ, i.e. on a solid substrate, X-ray scattering and reflectometry can be employed [14] [15] [16] [17] [18] . However, none of these methods provides information about magnetic arrangement, except state of the art experiments on electron holography [19, 20] and, possiEmail addresses: ukleev@lns.pnpi.spb.ru (V. Ukleev), avorobiev@ill.fr (A. Vorobiev) bly, resonant magnetic X-ray scattering (such experiments has not been reported so far according to our knowledge). Although, integrated magnetic signal from monolayer can be measured by high-sensitive SQUID magnetometry technique [21] [22] [23] , distribution of magnetic moments inside of MNP monolayer is under discussion [24] . In this context, polarized neutron reflectometry (PNR) is the only experimental technique which is sensitive to both structural and magnetic internal arrangement of MNPs in a monolayer. However, the polarized neutron reflectometry measurements on a single monolayer of MNPs remains challenging due to an extremely small volume of scat- (few hundreds nanometers of cobalt particles 13 nm in diameter) can be found in works [26] and [27, 28] respectively.
In present study we investigated a monolayer of magnetic iron oxide MNPs 10 nm in diameter assembled on water surface and deposited onto a solid substrate by means of LangmuirSchaefer technique. The structural and magnetic in-depth-resolved profiles of resulted monolayer have been obtained using PNR technique. polarized reflectometry technique can be found elsewhere [32] .
Materials and methods

Chloroform solution of iron oxide
Reflectivity data sets were collected at room temperature in ex- Modeling and fitting of the experimental data were performed using GenX package [33] . PNR datasets R + and R − were fitted simultaneously providing nuclear (ρ n ) and magnetic (ρ m ) components of scattering length density as a function of a distance z from the surface of Si crystal.
Results and discussion
Measured and model PNR curves are shown in Fig.2a as
what is commonly used to emphasis quality of the fit. Here Q z = 4π λ sin(α) is a component of the wave vector transfer normal to the sample surface, α is angle of incidence.
Splitting between the reflectivity curves with opposite polarizations hardly distinguishable in Fig. 2a is clearly visualized in form of so-called "spin asymmetry" S A = R + −R − R + +R − on (Fig. 2b) . Deviation of S A(z) from zero is an unmistakable indication of the sample magnetization.
We fitted experimental data with a model consisting of five layers on the top of Si crystal. Two of them described Ti and Au layers of the substrate, while three other aimed to describe the MNP layer. Ti and Au layers of the model were characterized were introduced. The latter one is directly proportional to the net magnetization M of corresponding layer:
where m n is the neutron mass and µ n is the magnetic moment of neutron. All four parameters for each of three layers describing the MNPs were fitted.
As the best fit ρ n (z) and ρ m (z) model profiles are shown in Fig. 3 . Calculated reflectivity curves excellently reproduce 
Conclusion
We examined a monolayer of 10 nm magnetic iron oxide nanoparticles at the solid substrate by means of polarized neutron reflectometry. Even with such a small amount of scattering material it was possible to perform a very accurate fitting routine. As a result we have obtained both nuclear and magnetic scattering density profiles of the nanoparticles monolayer. The value of saturation magnetization of nanoparticles monolayer M = 21 ± 1 emu/g was determined. The distinct shape of magnetic moment distribution inside the monolayer reproduces the nuclear scattering length density profile shape giving evidence of homogeneous magnetization of the nanoparticles, which in this case should consist of pure ferromagnetic iron oxide. These results will be used in further theoretical and micromagnetic investigations of nanoparticles self-assembly.
